Abstract: Thin films of mercury based superconductors were prepared on the R-plane sapphire with a CeO 2 buffer layer using a two step process involving the deposition of the Hg-free precursor and ex situ mercuration in the sealed quartz tube. For the thin film preparation, a method with no contact between the mercury source and the precursor film was used for mercuration. We studied the influence of the basic parameters of the mercuration (annealing time, temperature and partial pressure of the mercury) regarding the composition and superconducting properties of prepared Hg-based films to determine appropriate conditions for this mercuration method. We found out that an increased partial pressure of mercury inhibited the creation of the parasitic Re-based phase and supported the crystallization of the superconducting phase. The advantage of this mercuration method is higher reproducibility as well as its capability to prepare high quality thin large areas films.
Introduction
The synthesis of the phase pure samples of HgBa 2 Ca n−1 Cu n O 2n+2+δ compounds has been found very difficult. The process should be performed in sealed quartz tubes because of high Hg toxicity as well as mercury oxide decomposition of mercury and oxygen at relatively low temperatures and finally, to avoid the mercury losses [1] . However, under such conditions the experiments become quite complicated because of the variable partial pressures of mercury and oxygen p(Hg), p(O 2 ) as well as the total pressure dependence on the ampoule dimension and the applied temperature regime. The synthesis of these compounds can be described by a general reaction, where the solid component Ba 2 Ca n−1 Cu n O 2n+1+x might be a mixture of several phases [2] : From the thermodynamic point of view, the system Hg-Ba-Ca-Cu-O shares two components -mercury and oxygen -with the surrounding atmosphere. In the synthesis of bulk materials, phase equilibria as well as the content in the condensed phase of these compounds is controlled by adjusting their activity. [1, 3, [6] [7] [8] [9] . Big differences between p(T ) dependences in different publications have been recorded; thus these results could not be used as a general technique for the preparation of the single-phase samples. But we can predict that we have to increase the mercury pressure to obtain a higher phase from the homologous series. Between the formations of the two phases there is some competitive reaction resulting in HgCaO 2 (or HgBaO 2 , respectively). Hg-1212 can be stabilised relative to CaHgO 2 by using a higher temperature at constant p(O 2 ) or at a lower oxygen pressure at constant T . This research was performed on the bulk samples. Regarding the thin films, there were other parameters, e.g. the substrate or the buffer layer that could also influence the formation of superconducting phases; however, the systematic research in this area was not accomplished. The syntheses of Hg-based superconductors are usually performed in the one-zone configuration whereby the starting material (HgO and Ba-Ca-Cu-O precursor) is kept at the same temperature. The two-zone technique with an independent control of the precursor and HgO source temperatures was used for the preparation of the Hg-1201 phase only [10] . In this case the superconducting phase was formed by a vapour-solid reaction. Some groups reported the use of the two pellets (unreacted Hg-free (Re)-Ba-CaCu-O and unreacted Hg, Re-Ba-Ca-Cu-O) for the mercuration to obtain a stable mercury vapour flow [11] [12] [13] . To the best of our knowledge, no publication reports on preparing higher superconducting phases (Hg-1212, Hg-1223) via a vapor-solid reaction or using the mercuration with no contact between the precursor film and the mercury source. This paper reports the influence of the partial pressure of mercury on the preparation and properties of the Hg(Re)-based films without using a contact method.
Experimental
Thin superconducting mercury based films were prepared by a two-step process. First, the amorphous precursor films with the nominal composition of Re 0.25 Ba 2 Ca 2 Cu 3 O x were deposited by an RF magnetron sputtering from a single target of the same stoichiometry. Then, the ex situ mercuration in a sealed quartz tube was performed. Films were prepared on CeO 2 buffered R-cut sapphire substrates. The preparation and properties of the CeO 2 films were published elsewhere [14] [15] [16] . The precursor films were prepared similarly to [17, 18] in Ar atmosphere at room temperature at a total pressure of 20 Pa. The deposition rate and the RF power were 0.3 nm/s and 80 W, respectively.
Precursor powders (Re-Ba-Ca-Cu-O) used for the preparation of the mercury source were prepared by a sol-gel method. We used acrylamide gelification to obtain nanoparticles. The details of this method are described elsewhere [19] . This method is fast, inexpensive, reproducible, and easy to scale up.
The prepared powders were fine (0.1-0.3 µm) and did not contain carbonates because of the presence of rhenium.
The precursor film was placed face to face to the mercury source, but there was no physical contact between the mercury source and the precursor film. The source of the mercury was avoided from the precursor film due to the sample holder with the special shape made of porous alumina. Using this method we could eliminate the presence of the impurities coming from the mercury source and increase the reproducibility of the syntheses. The advantages and details of this method are described elsewhere [20] .
The source of the mercury and the precursor film were wrapped in a gold foil to avoid a reaction between barium and quartz and sealed in quartz tube under vacuum (1 Pa). Liquid mercury was added to increase the partial mercury pressure in the reaction system. This additive served also as the initiation of the growth of mercury pressure in the beginning of the reaction and supplied the mercury homogeneously. During annealing, mercury oxide decomposed to mercury vapour and oxygen, creating the pressure (mercury p(Hg) and oxygen p(O 2 ) pressure) needed for the formation of the Hg-based HTS in the reaction system. The p(Hg) was the summary of the mercury vapour formed by the decomposition of HgO used in the source of the mercury and by vaporization of liquid mercury additive. The mass of the mercury source was approximately 3 g and we added a small amount of liquid mercury varying from 0.1 g to 1.0 g. We tried to keep the p(O 2 ) constant (∼ 4.5 MPa) by using the same amount of HgO in the pellet source in each experiment so the partial mercury pressure was changed by the different amounts of liquid mercury in the sealed quartz tube. Then the p(Hg) at 800
• C was in the range of 9-17 MPa. The synthesis temperature and annealing time were in the range of 800-830 • C and 2-24 h, respectively.
For the characterisation of the prepared films we used the measuring of R(T ) dependences (DC four-probe method using 1 mA probe current). The films were also characterised by X-ray diffraction (XRD) (CuK α ) in the classical Bragg-Brentano configuration and also using a texture apparatus in the Schultz configuration (4 axis from Seifert) allowing to modify the tilt inclination χ and the rotation angle φ. Scanning electron microscopy (SEM) and energy dispersive x-ray electron microanalysis (EDX) were performed in the Jeol 840A apparatus. The critical current density J C was estimated from the magnetic measurements using the Hall probe method.
Results and discussion
For the fabrication of the thin Hg-based superconducting films we used Re-doped precursor films with the nominal composition of Re 0.25 Ba 2 Ca 2 Cu 3 O x (223). Even though we used this precursor composition in all experiments (at low as well as at higher p(Hg)), we obtained only Hg-1212 films. This non-stoichiometry caused the presence of impurities which were situated mostly on the top of the films. For the deposition of the precursor films we tried to use also the Re 0.25 Ba 2 CaCu 2 O x (212) target, however, after the mercuration, we obtained only films with worse superconducting properties. Preliminary results show that the formation of the Hg-based superconducting films needs an excess of the Ca and Cu material in the sputtering target. The solution of this problem could be the use of the precursor films with a composition between 212 and 223.
We performed experiments at 800, 820, 830
• C during 2, 4 and 6 h intervals while applying a low partial mercury pressure of (p(Hg) ∼ 9 MPa). At 800
• C, we obtained a c-axis oriented Hg-1212 phase. The increase of the annealing time led to the better c-axis orientation of this phase (Fig. 1) . From the positions of the Bragg (00l) peaks, we calculated a c-parameter of Hg-1212. The value of this parameter increased with the rising time of the mercuration (c = 1.2508 nm for 2 h, c = 1.2553 nm for 6 h). In the XRD patterns we observed also diffractions of some parasitic phase. We suppose that these peaks belonged to the rhenium containing phase Re 2−x Ba 4 Ca 1+y O 12 with a monoclinic structure (a = 0.5771 nm, c = 2.80 nm) [21] . Since some diffractions of the Re 2−x Ba 4 Ca 1+y O 12 phase coincided with Hg-1212 (00l) reflections, we were not able to make quantitative analyses from the XRD patterns. Only (00l) diffractions of the Hg-1212 superconducting phase were visible in the XRD pattern so this phase was also textured and its amount decreased with increasing time of the mercuration. The c-parameter of Hg-1212 phase increased with the annealing time which could have been caused by the improved development and crystallization of the film after a longer synthesis time; therefore, the films were more relaxed and their parameters were closer to those of the bulk samples. However, the c-parameter is smaller than the unsubstituted Hg-1212 phase. This was caused by the incorporation of more rhenium to the superconducting phase with increasing time of the mercuration, and thus the insertion of additional oxygen in the structure. Chmaissem et al. [22] reported that the Re substitution brings four additional oxygen atoms into the structure. The linear decrease of c/a is consistent with the increase in the amount of the smaller Re atoms at the Hg sites.
Fig. 2 R(T ) dependences of films prepared at 800
• C at p(Hg) ∼ 9 MPa.
Measurements of the R(T ) dependences of the prepared films confirmed the presence of the superconducting phase. However, critical temperatures of the films annealed during 2 and 4 h intervals were reduced probably due to the insufficient crystallization of the Hg-1212 and non-superconducting Re-phase (Fig. 2) . The increase of the transition temperature was evident with the increase of annealing time due to the increased oxygen content in the superconducting phase [23] .
We obtained similar results using mercuration at 820
• C with a low p(Hg) (∼ 9 MPa) in the reaction system. By the application of a longer annealing time, the Hg-1212 phase was better crystallized and the amount of Re-phase was decreased. After 6 hours of mercuration, this phase completely disappeared. The values of the critical temperature were higher in the case of the mercuration at 800
• C (T ON up to 126 K, T C(0) up to 107 K). This confirmed the growth of the films with better intragranular and intergranular properties.
For the mercuration at 830 • C we used only an annealing time of 2 and 4 hours because at this temperature the risk of the explosion was higher than at lower temperatures. At this temperature we risked also reaction of the CeO 2 buffer layer with the precursor film and the formation of the BaCeO 3 . Already after 2 hours of annealing, we obtained a pure c-axis oriented Hg-1212 superconducting phase. This suggests that at a low partial mercury pressure in the reaction system (∼ 9 MPa) the formation of the parasitic phase containing rhenium could be avoided by using a higher annealing temperature. After 4 hours of the mercuration, the prepared films contained a c-axis oriented Hg-1212 phase of good crystallinity with relatively high values of the critical temperatures (T ON up to 131 K, T C(0) up to 105 K). With an increase of partial mercury pressure (up to 20 MPa at 800
• C) we performed mainly experiments at 800 • C to prevent the explosion of the quartz tube. In the Fig. 3 we can see XRD patterns of the samples prepared at 800
• C / 5 h with different p(Hg)
at 800
• C in the quartz tube (10-17 MPa at 800 • C). At low p(Hg) (∼ 10 MPa) Hg-1212
and Re-containing phase is formed. The mercury addition inhibited the creation of the parasitic Re-based phase and supported the growth of the superconducting phase. Also the values of the critical temperatures T C(0) increased up to 115 K (Fig. 4) . Increasing the amount of mercury in the reaction system led to the formation of the Hg-1212 pure phase without the parasitic Re-containing phase; therefore, it had the same effect as the elevated temperature during the mercuration without the risk of the reaction between the CeO 2 buffer layer and the precursor film. Then we studied the influence of the length of the mercuration with higher amount of the mercury on the properties of the final films. The precursor films were mercurated for 12 and 24 h at 800
• C. We observed that the prolongation of the annealing time caused the degradation of the superconducting Hg-1212 phase ((00l) Bragg peaks of the Hg-1212 phase were not so pronounced); however, the critical temperature values were similar to those prepared after 5 h of annealing (Fig. 5) . From this we conclude that with a higher amount of mercury, 5 hours of the mercuration annealing are sufficient for the formation of good quality Hg-1212 films on the CeO 2 buffered R-plane sapphire.
From the SEM analysis we compared the microstructure of the films prepared at the same conditions (800
• C / 5 h) with different amounts of mercury in the reaction system (Fig. 6) . The films prepared with higher mercury content were smoother than those prepared with smaller amounts of mercury in the reaction system and which contained fewer impurities. Using EDX analyses we confirmed the presence of the grains of the Hg-1212 superconducting phase. We identified also grains of the impurities in the form of CaHgO 2 , Re 2−x Ba 4 Ca 1+y O 12 and oxides of calcium and copper. In respect to the surface of the prepared films we assumed that these impurities are situated on the top of the films. The best samples were prepared under following the conditions: 800
• C / 5 h with p(Hg) ∼ 17 MPa at synthesis temperature. The critical current density J C was estimated from the magnetic measurements using the Hall probe method. For the best samples the values of the J C were up to 3 × 10 5 A/cm 2 at 77 K in a self field.
We also performed texture measurements (ω-scans and φ-scans) on these samples. We found out that the epitaxial character of the CeO 2 buffer layer was not changed which is an indirect evidence of the efficiency of the CeO 2 film as a diffusion barrier. These measurements also confirmed c-axis texturation of the Hg-1212 phase and alignment in the a − b plane, too (Fig. 7) .
Conclusion
Thin superconducting Hg-based films were prepared on the R-plane sapphire with a CeO 2 buffer layer using a two step process which involved RF magnetron sputtering of the amorphous precursor and ex situ mercuration in the sealed quartz tube. Films were prepared by the mercuration without any contact between the mercury source and the precursor film, so the superconducting phase was formed based on the mercury vapour. We studied the influence of the partial pressure of the mercury in the reaction system on the structural and electrical properties of the final films. At 800
• C using a low p(Hg) (∼ 9 MPa), a textured parasitic phase with a cubic structure was formed. The amount of this phase decreased with longer time of the mercuration and a higher annealing temperature. The use of the higher p(Hg) inhibited creation of this phase also advanced the formation of the superconducting phase and improved the critical temperatures in the prepared films.
